On 4 March 2010, an inland M w 6.3 earthquake occurred near the town of Jiasian in Kaohsiung County, Taiwan causing large ground shaking and extensive damage. In this study, we integrate the records from the Central Weather Bureau Seismic Network (CWBSN) and Taiwan Strong Motion Instrumentation Program (TSMIP) to obtain the relocated earthquake sequence and its first-motion focal mechanisms. This dataset offers us precise and reliable results which suggest a focal depth of 23 km and a possible fault plane of strike 313°, dip 41°, and rake 42° for the Jiasian earthquake. This fault plane significantly differs from the N-S striking Chaochou Fault (CCF) as well as the principal trend of Taiwan orogenic belt, and should be an undiscovered fault in southern Taiwan. The relocated Jiasian earthquake sequence initiating from the 23-km-deep mainshock and terminating at around 10 km in depth also indicates it is a blind fault. Peak ground acceleration (PGA) and peak ground velocity (PGV) recorded by the TSMIP stations reveal a distinct NW-SE-shape pattern from the epicenter area toward the Chiayi region, likely due to the directivity and site effects. Such phenomena should be considered for future regional hazard assessments.
InTroducTIon
On 4 March 2010, an inland shallow earthquake (M L = 6.4 and M w = 6.3) near the town of Jiasian in Kaohsiung County, Taiwan, was reported by the Central Weather Bureau (CWB) rapid reporting system (Wu et al. 1997 (Wu et al. , 2002 and named the "2010 Jiasian earthquake" (Fig. 1) . It produced widespread strong ground shaking in southern Taiwan. The maximum PGA up to 475 gal was recorded by station MTN154 of TSMIP with the epicentral distance of about 8 km, and most regions with epicentral distances less than 50 km recorded PGA greater than 250 gal (CWB Intensity scale V, Wu et al. 2003a; Fig. 2a) . Hence, this event produced extensive damage such as the collapse of one bridge, fires at five factories and schools, interruption of the regional power grid (which affected 540000 households), damage to hundreds of buildings, derailment of a high-speed train, and injury to 96 people (National Fire Agency News Release 2010). Several surface cracks were also observed and reported sequentially around the epicenter area (Chang et al. 2010) . After decades of seismic silence since the 1964 M L = 6.3 Paiho earthquake, this earthquake awakened people to the potential for the occurrence of destructive earthquake in southern Taiwan.
The N-S striking CCF was initially considered as the causative fault of this event due to its proximity to the epicenter and the shallow focal depth of 5 km as reported by the CWB rapid reporting system using a half-space model with a linear increasing of velocity in depth and automated location process. The Global Centroid Moment Tensor (GCMT), Broadband Array in Taiwan for Seismology (BATS), and CWB using waveform modeling derive similar results of focal mechanism, and suggest two nodal planes: one strikes nearly N-S and the other strikes NW-SE (a) (b) (Fig. 1 ). These two fault planes have significantly different tectonic implications. If the causative fault plane strikes in N-S direction, this direction would be consistent with that of the CCF. However, in case that the NW-SE striking plane is the causative fault, its strike direction would be significantly different from that of the CCF and the principle structural orientation of the Taiwan orogenic belt at N20°E, which would imply the existence of a yet undiscovered structure. The focal depth of the Jiasian earthquake is also controversial. The focal depths obtained from focal mechanisms of waveform modeling range from 18 to 28 km (CWB: 18 km; BATS: 18 km; GCMT: 27.8 km) and exhibit significant discrepancies from 5 km depth as indicated by the CWB rapid reporting system. This causes the debate concerning the mechanism of observed surface ruptures. If the focal depth of the Jiasian earthquake is located at around 20 km, the event could have been produced by a blind fault and the rupture might have not broken the surface by considering the size of the event. Thus, in order to solve these issues, a better determination of earthquake relocation and focal mechanism is necessary.
Precise earthquake locations rely on several factors, such as record quality, station coverage, adopted methodology of relocation, and the velocity model. The TSMIP stations, which consist of about 800 free-field stations spreading over the island of Taiwan (Shin et al. 2003) are densely distributed over the Jiasian earthquake source region (Fig. 1) . The records of the TSMIP stations offer a good opportunity to study this event. For earthquake relocation, we combined the data from CWBSN and TSMIP to obtain a larger dataset and used a 3D velocity model (Wu et al. 2007 (Wu et al. , 2009a . This dataset is also used to perform first-motion focal mechanism determinations to compare with the results of using waveform modeling method. Distributions of PGA and PGV determined from the records of TSMIP are also reported in this study (Fig. 2) .
dATA And AnAlySIS
The earthquake data used in this study are from two seismic networks: CWBSN and TSMIP. The CWBSN consists of 71 stations equipped with three-component shortperiod S13 seismometers and is responsible for routine monitoring of regional seismicity in Taiwan (Shin 1992 (Shin , 1993 Fig. 1) . In addition to the records from CWBSN, we further included the P arrivals, S arrivals, S-P times, and the P-arrival polarities from TSMIP to relocate the Jiasian earthquake sequence and to determine the first-motion focal mechanisms. These additional TSMIP stations with an average station spacing of about 5 km except the highmountain regions significantly greatly improve the stations coverage and the determination of Jiasian earthquake epicenter. Finally, 7905 P arrivals, 6322 S arrivals, 419 S-P times, and 1417 P-arrival polarities from 373 stations were used in this study (Fig. 1) .
A total of 953 aftershocks following the Jiasian mainshock in a period of 43 days were recognized based on temporal and spatial double-link clustering analysis (Wu and Chiao 2006) . The linking parameters in time and space are 1 day and 5 km, respectively. Most of the aftershocks occurred within 24 hours after the Jiasian mainshock and were confined to the earthquake source region. Thus, a total of 474 aftershocks occurred within 24 hours were selected for analysis to investigate the causative fault geometry.
The study region is located in Pingtung region with a large lateral variation in the crustal velocity structure (Wu et al. 2007 ). In order to obtain a good result, we adopted a 3DCOR program proposed by Wu et al. (2003b) for earthquake relocation. It is modified from the 3D location method published by Thurber and Eberhart-Phillips (1999) , in which theoretical travel times of P and S are calculated by 3D ray-tracing (Thurber 1993) . A three-dimensional velocity model (Wu et al. 2009b ) was used instead of the onedimensional velocity model used in CWBSN location algorithm (Chen 1995) . After earthquake relocation, we applied the genetic search algorithm, FPsearch (Wu et al. 2008a) , to determine the first motion focal mechanisms using. This method provides a quality index, Q fp , to measure if the solution is good. Q fp = 0 is a non-constraint solution, and Q fp > 1 is generally considered as a good solution. To the end, a total of 16 focal mechanism solutions of which Q fp > 1 were determined in this study (Table 1) . Figure 3 illustrates the distribution of first-motion polarities of P waves of the mainshock in the lower-spherical projection. A total of 362 polarities collected from CWBSN and TSMIP provided us a much denser coverage to better constrain the fault plane. The resulting focal mechanism we obtained is quite robust with a minor misfit of 5.73%, a large Q fp of 5.37, and small deviation of its strike, dip, and rake within 4° (Wu et al. 2008a ). The maximum and minimum principal stress axes (σ1 and σ3) are orientated in the azimuth of 256° and 144° with plunges of 13° and 58°, respectively. When we compared these results with results from GCMT, BATS, and CWB, they are roughly consistent (Fig. 1) . Figure 4 shows the distribution of relocated Jiasian earthquake sequence and first-motion focal mechanisms of selected aftershocks. In general, the distribution of the relocated aftershocks has a linear pattern trending roughly NW-SE. Based on the distribution of aftershocks, the nodal plane with strike 313°, dip 41°, and rake 42° (nodal plane B in Fig. 3 ) is the more plausible fault plane, with a combination of the southwestward thrusting and left-lateral strikeslip components. Wu et al. (2008a) . Fig. 3 . The lower spherical projection of the first-motion polarities of the Jiasian earthquake. A total of 362 polarities collected from CWBSN and TSMIP are used to determine the focal mechanism.
rESulTS

distribution of the relocated Aftershocks and Focal Mechanisms
The focal mechanisms of the aftershocks, in general, are similar to that of the mainshock, but with a much larger strike-slip component and higher dip angles (Fig. 4) . The detail parameters of focal mechanisms are listed in Table 1 . The index number of a given focal mechanism in Fig. 4 and Table 1 represents the temporal order of which the event occurred. Further exploration of the temporal occurrence order reveals a tendency of rupture propagation from East to West repeatedly, e.g., No. 1 -3 and No. 4 -6, before the occurrence of the largest aftershock, No.11. Figure 5 shows the hypocenter distribution of the relocated aftershocks and the focal mechanisms for M ≥ 4.0 events along the profile A -A' (the location is shown in Fig. 4) . Most of the aftershocks were located within the range between 10 and 25 km in depth. Northeastward dipping of the aftershocks distribution is consistent with the previously mentioned more possible fault plane (nodal plane B in Fig. 3 ). It seems that the rupture initiated with the mainshock at the deeper part and propagated toward the shallower part, but was limited at a depth of ca. 10 km. The dipping angle of the plane exhibits a change from gentle at deep part to steep at shallow part, which is similar to the case of the 2003 Chengkung earthquake ). Figure 2 shows the distributions of PGA and PGV obtained from TSMIP records. During the earthquake, the maximum PGA can reach up to 475 gal around the epicenter area (recorded by the station MTN154) and propagate outward along a NWW-SEE trend to Chiayi and adjacent areas (Fig. 2a) . This trend is roughly parallel with the relocated earthquake sequence. The NWW-SEE trending pattern can be observed more clearly in the PGV distribution (Fig. 2b) . In the PGV distribution, the larger values are mainly located to the west and northwest of the epicenter area.
distribution of PGA and PGV
dIScuSSIon
Is the chaochou Fault the causative Fault?
The CCF was initially considered as the causative fault of the Jiasian earthquake due to its proximity to the epicenter and the shallow focal depth of the event. From our earthquake relocation and focal mechanism determinations, this sequence shows a NWW-SEE trending distribution and a NNE-dipping fault plane with thrust and left-lateral strikeslip components (Figs. 4 and 5) . This NWW-SEE striking of the causative fault is significantly different from the N-S striking of the CCF. This suggests that the Jiasian earthquake is quite unlikely to be produced by the rupture of the CCF.
Furthermore, according to earlier surveys by the Chinese Petroleum Corporation (CPC) (Yen and Tien 1986) , the CCF is an east-dipping reverse fault with left-lateral strikeslip components. The movement along this fault could also be demonstrated by the contrast between the rock ages and elevations across the fault (Shyu et al. 2005) , as well as the analysis of geomorphic features (Liao 2003) . The remarkably straight N-S trending escarpment along the fault suggests the existence of a significant component of strike-slip motion. However, results from geodetic and seismic studies do not show major activity of the fault at present. The velocity gradient across the CCF from dense GPS measurements is not significant (Hu et al. 2007 ). Also, no earthquake is clearly related to the fault in relocated background seismicity (Wu et al. 2008b ). This implies that the CCF could have been active in a longer timescale, but seems to be much less active or even inactive during the seismicity data period, 1991 -2006. Considering its fault length (Shyu et al. 2005) , the CCF might be a potential seismogenic source for a destructive earthquake in the future if it is locked.
Surface rupture?
Some ground cracks were immediately noted and reported by Chang et al. (2010) right after the Jiasian mainshock. Hence, whether the causative fault ruptured to the surface becomes another issue. Results from our study show that not only the hypocenter of the Jiasian mainshock is at 23 km deep but almost all the aftershocks are distributed below the depth of 10 km (Fig. 5) . This suggests that the causative fault is restricted below 10 km depth. Therefore, the observed surface cracks are likely produced by the dynamic shaking of the ground from the propagating waves, not the actual rupture of the fault.
Earthquake Hazards Potential in Southern Taiwan
Although the Jiasian earthquake occurred at a deep depth as mentioned previously, it caused strong ground shaking in and around the epicenter area. Especially in the Chiayi region about 60 km away from the epicenter, most of the PGA exceeds 200 gal. If taking this distance and the magnitude of the Jiasian earthquake into account to calculate the empirical PGA and PGV by the attenuation formula of Wu et al. (2001), we obtained a PGA of ca. 46 gal and the PGV of ca. 5 cm s -1 . This suggests the values of PGA and PGV in the Chiayi region are abnormally high (Fig. 2) . According to our proposed focal mechanism of the Jiasian earthquake (Fig. 4) , the left-lateral strike-slip component along the NW-SE striking fault plane suggests greater ground motion toward the northwest in the hanging wall area than that in the footwall area such as the Pingtung area, where weaker ground shaking than the hanging wall area were observed at comparable epicentral distances. As indicated in the peak ground motion distributions in Fig. 2 especially for PGV, this northwestward propagating pattern seems to be caused by the directivity effect of the fault rupture direction.
Alternatively, another reason for the stronger PGA and PGV recorded in the Chiayi region could be the site effect. Previous studies (e.g., Lee et al. 2001; Wu et al. 2001; Huang 2009) showed that the site condition in the Chiayi region is classified as the soft-soil condition and is capable of producing large site amplification. Therefore, the sediments underneath the Chiayi region can intensify the ground shaking once the seismic waves propagate to the Chiayi Plain area. Since the Chiayi region is highly populated, the fault or the seismogenic zone revealed by the 2010 Jiasian earthquake should be considered in future regional seismic hazard assessments.
The 2010 Jiasian earthquake also demonstrated an urgent need for a short-distance earthquake early warning (EEW) system for urban areas in southern Taiwan. Wu et al. (2011) tested a short-distance EEW approach for the 2010 Jiasian earthquake, which is a threshold-based approach using continued monitoring of filtered vertical displacements. They showed that the tested short-distance EEW approach can provide a timely warning for the target sites located less than 50 km away from the epicenter.
concluSIonS
This study aims to clarify the locations and the focal mechanisms of the 2010 Jiasian earthquake sequence and to interpret the tectonic significance revealed by this event. By integrating the data from CWBSN and TSMIP, we are able to obtain more reliable results. Our results show that the Jiasian earthquake is located at the depth of 23 km, instead of the original reported depth of 5 km by the CWB rapid reporting system. With the help of relocated aftershock distributions, we believe the first-motion focal mechanism has a more plausible plane of strike 313°, dip 41°, and rake 42°. This causative fault plane is significantly different from the N-S striking CCF, as well as the principal trend of structures in the Taiwan orogenic belt. The focal mechanisms of aftershocks are mostly consistent with this causative fault plane.
Based on this deep focal depth and the NW-SE striking fault plane, the Jiasian earthquake was probably produced by rupture on an undiscovered fault, rather than the CCF. The limited aftershock focal depths of deeper than 10 km also suggest that this fault is a deep blind fault that did not rupture to the surface. Therefore, the observed surface cracks are likely produced by dynamic ground shaking, not the actual rupture movement. Moreover, our analysis of the PGA and PGV distributions provides insight into the future seismic hazards in the Chiayi area and adjacent regions. Due to the directivity and site effects, a similar type of rupture in the Jiasian area would likely cause strong ground shaking in the Chiayi region as the seismic waves propagating northwestward. This observation will have important implications for the hazard assessments in the future.
